Changes in mRNA stability and translation are critical control points in the regulation of gene expression, particularly genes encoding growth factors, inflammatory mediators, and protooncogenes. Adenosine and uridine (AU)-rich elements (ARE), often located in the 3′ untranslated regions (3′UTR) of mRNAs, are known to target transcripts for rapid decay. They are also involved in the regulation of mRNA stability and translation in response to extracellular cues. This review focuses on one of the best characterized ARE binding proteins, tristetraprolin (TTP), the founding member of a small family of CCCH tandem zinc finger proteins. In this survey, we have reviewed the current status of TTP interactions with mRNA and proteins, and discussed current thinking about TTP's mechanism of action to promote mRNA decay. We also review the proposed regulation of TTP's functions by phosphorylation. Finally, we have discussed emerging evidence for TTP operating as a translational regulator.
Introduction
Gene expression is a highly regulated process that begins with transcriptional initiation and ends with translation of a mature mRNA into protein. In between these two points are a linked series of events including processing and splicing of the pre-mRNA, export of the message from the nucleus to the cytoplasm, quality control assessment of the mRNA through the pioneer round of translation, message decay and stabilization, and translational repression and de-repression. All of these events from initiation of transcription by transcription factors to the stability of the message to effective translation of the message are controlled by the presence of specific nucleotide sequences which are bound by specific trans-acting proteins. As a message is transcribed, proteins bind to form a messenger ribonucleoprotein complex (mRNP) and the composition of the mRNP controls all aspects of the life of the mRNA, from pre-mRNA processing to mRNA localization to translation and degradation. Transitions between these events are accompanied by mRNP remodeling and exchange of mRNP proteins.
Posttranscriptional Regulation
Posttranscriptional control of gene expression, particularly mRNA stability and translation, allows for rapid changes in mRNA levels. Dysregulated mRNA stability and translation underlies a number of diseases, directly contributing to the overexpression of many genes encoding growth factors, inflammatory cytokines, and proto-oncogenes [1, 2, 3, 4] . Among the best studied cis-elements regulating posttranscriptional control are the adenosine and uridine (AU)-rich elements (ARE), located in the 3′ untranslated region (3′UTR) of many unstable mRNAs. AREs are most often arranged in repeated and/or overlapping pentamers of the sequence AUUUA, although there can be variability [5] . The relevance of these conserved cis-acting sequence elements is apparent in their frequency, currently estimated at approximately 8% of the human transcriptome [6, 7] . AREs target mRNAs for rapid decay but also allow the stability and translation of mRNAs to be regulated in response to extracellular cues. These effects of an ARE on the posttranscriptional fate of a message depend on the interaction of an ever increasing list of trans-acting RNA binding proteins [4, 8] . The focus of this review is on one of the best characterized ARE binding proteins, tristetraprolin (TTP).
Tristetraprolin
TTP, also known as Nup475, G0S24, and TIS11, is the founding member of a small family of proteins containing tandem CCCH zinc fingers. One of the major purposes of this review was to survey the current literature for reports of mRNA binding "targets" for TTP. As described below, we tried to include as many reports as we could find, but we did not attempt to determine the likelihood that a given report described a "true", physiologically relevant interaction. Accordingly, we performed a literature search on August 15, 2012, searching PubMed, Scopus, and Web of Science for the terms tristetraprolin, G0S24, and Nup475, and tris-tetraprolin; and we also searched with the combined terms "TTP and RNA". After the removal of abstracts, duplicates and papers on unrelated subjects, this search yielded 293 papers under those search terms.
The original description of full-length TTP was in 1990 [9] , which describes the cloning of the mouse cDNA from insulin-stimulated 3T3-L1 fibroblasts; this was followed within six weeks by the description of the same sequence as Nup475, cloned from serum-stimulated fibroblasts [10] . A partial fusion sequence had been published earlier from phorbol esterstimulated fibroblasts [11] ; this sequence was later corrected [12] . These initial descriptions were followed by descriptions of the human sequence [13] ; in a later description, this was labeled G0S24 [14] . These represent the earliest descriptions of what we now know as tristetraprolin or TTP. Fig. 1 shows the number of publications from the above search and their year of publication. It shows that there was very little activity for several years following the initial cloning of the human and mouse cDNAs, although the laboratory of one of us (PJB) made contributions during that time on the hormone and growth factor stimulated phosphorylation of the protein [15] , the hormone and growth factor stimulated nuclear export of the protein [16] , the influence of metal ions on its mRNA stability [17] , and characteristics of the Zfp36 promoter from mice and man [18] .
Tristetraprolin and Tumor Necrosis Factor Alpha (TNF)
The modern era of TTP research can be said to have begun with the development and evaluation of a TTP knockout mouse, which exhibited a severe syndrome of growth retardation, cachexia, arthritis, inflammation and autoimmunity [19] . Most importantly, this paper established the first connection between TTP and the potent pro-inflammatory cytokine, tumor necrosis factor alpha (TNF). Treatment of the TTP-deficient mice, soon after birth, with anti-TNF antibodies prevented the development of virtually all aspects of the TTP deficiency syndrome.
This observation was followed by the demonstration that the syndrome could be transplanted with whole bone marrow into lethally irradiated immunodeficient mice. A lag of several months was necessary for disease development, suggesting that hematopoietic cells were required but that lymphocytes were unlikely to be the major sources of excess TNF; rather myeloid cells were the most likely source of TNF [20] . This paper also showed that TNF mRNA accumulated abnormally in the TTP KO macrophages, isolated from several body sites, after stimulation with various concentrations of lipopolysaccharide (LPS), and that TNF protein was hypersecreted from the same cells after LPS stimulation.
Finally, a physical connection between TTP protein and the TNF mRNA was made in a subsequent paper [21] . This work showed that the TNF mRNA decayed more slowly in the TTP KO macrophages after stimulation with LPS and inhibition of transcription with actinomycin D; in these experiments, conducted after four hours of LPS stimulation, the half-life of the TNF mRNA was increased from about 39 minutes to about 85 minutes. These experiments demonstrated for the first time that TTP protein could bind directly to the TNF mRNA, as assayed by RNA gel shift experiments. Thus, in the absence of TTP, the TNF mRNA accumulated abnormally due to its increased stability, leading in turn to enhanced TNF secretion, and presumably elevated local and systemic levels of the TNF protein.
Although a detailed discussion of this and other animal models is beyond the scope of this review, there are many important questions regarding the role of TTP in the intact mouse that remain unanswered. For example, in the "TNF delta ARE" mice described by Kontoyiannis et al [22] , the mice not only develop the cachexia and arthritis characteristic of the TTP KO mice, but also severe colitis; this has not been seen in the TTP KO mice to our knowledge. One possible explanation is the presence of the other TTP family members in the cells of the intestine, possibly regulating locally produced TNF or other cytokines, but this remains to be determined. Another interesting model is the myeloid-specific TTP KO mouse, which does not exhibit cachexia or arthritis, but is hypersensitive to low doses of LPS [23, 24] . These data suggest that TTP-dependent pathways need to be disregulated in one or more cells types other than myeloid cells to produce the full TTP-deficiency phenotype, but the identity of these cells is currently unknown.
TTP Binding to AU-Rich Elements
Subsequent work characterized the binding sites on the TNF mRNA as one of several conserved instances of the simple linear RNA motif, UUAUUUAUU, in the 3′UTR of the message [25] . A similar conclusion had been reached from a completely different avenue of experimentation, using different selection procedures, but arriving at the same optimal binding site [26] . The site of RNA binding was the central tandem zinc finger domain (TZF), and it was striking that a single mutation of any of the eight cysteines or histidines in the TZF domain completely abrogated RNA binding [27] . Quantitative analysis of TZF-RNA interaction was later performed using fluorescence anisotropy, in a solution with pure components, in which the TZF domain was represented by a pure 75 amino acid totally synthetic peptide derived from the human TTP TZF domain sequence, and the "targets" were fluorescently labeled RNA oligonucleotides [28] . A selection of the dissociation constants from the interactions described in that paper is shown in Table 1 . One of the key features of this interaction is that the previously determined optimal binding sequence, UUAUUUAUU, bound to the synthetic TZF peptide with a K d of 3.0-3.2 nM at room temperature. This compares, for example, to a K d of 280 nM for a polyU sequence, or 56 nM for polyU containing a single A residue. However, one point that remains a subject of ongoing research is the physiological importance of different numbers of U residues between the two As. As shown in the table, increasing this number to four increases the K d to 6.4 nM, and increasing the internal Us to five increases the K d to 17 nM. Conversely, decreasing the number of Us to two increases the K d to 18 nM, while decreasing the number of Us to one increases the K d to 160 nM. Even more radically, replacing one of the A residues with G, leaving three internal Us, results in K d s of 28 nM, regardless of which A is replaced. Since some of these K d s are still quite low, it is possible that they are physiologically significant binding sites in some circumstances; this is one of the particularly interesting aspects of new target identification, the major subject of this review.
Later studies demonstrated that the other TTP family members could bind to the same optimal RNA sequences, and that they could promote mRNA decay in a similar manner to TTP [27] . In structural terms, a critical observation was made by Hudson et al [29] , in which a TZF domain peptide from the TTP family member ZFP36L2 (TIS11D, ERF2, BRF2) was used to determine an NMR structure to the same nine base oligonucleotide described above, UUAUUUAUU. This paper described many of the crucial interactions that lead to the high affinity binding, including electrostatic interactions and stacking interactions between some of the RNA bases and the rings of the aromatic amino acids in the TZF domain. It also illustrates two key features of the structure: First, that the RNA in its bound form is totally without secondary structure, raising the possibility that secondary structure is not only not necessary for binding, but might indeed interfere with binding; and second, that the RNA occupies a single "face" of the TZF domain structure, leaving open the possibility that other proteins or small molecules could interact with other faces of the TZF domain and perhaps affect RNA binding affinity. A final interesting feature about the structure is that the first and ninth bases are more or less left dangling in the breeze; this is the basis for the use of the "core 7-mer" binding site concept that has been used to inform bioinformatics searches of binding sites.
Another consideration concerns the nature of TTP specific residues within the TZF domain. We have previously modeled the human TTP TZF domain bound to the 9-mer RNA oligonucleotide [30] , with the perfectly conserved residues among the family members represented in blue, and the extent of the chemical deviation of the TTP amino acids from the original ZFP36L2 residues illustrated in the movement from blue to warmer colors of the amino acid representations (Fig. 2) . This analysis points to the importance of highly conserved or identical residues at the actual sites of contact with the RNA, as well as with the zinc ions, and more protein-specific residues on faces of the TZF domain that are not interfacing directly with RNA. This leaves open the possibility of proteins and small molecules that could bind to other faces of the TZF domain, potentially in a TTP-specific manner.
Other TTP Family Members
In phylogenetic terms, TTP family member proteins have been identified in organisms as diverse as humans through yeasts. Most mammals express three family members, with rodents expressing a fourth. In the mouse, the official gene names are Zfp36, encoding TTP; Zfp36l1, encoding the ZFP36L1 (also known as cMG1, BRF1, ERF1, and TIS11b); Zfp36l2, encoding ZFP36L2 (also known as TIS11D, BRF2, ERF2); and Zfp36l3, encoding ZFP36L3. Although the focus of this review is on TTP itself, we will use the Zfp36 nomenclature when necessary to refer to other mammalian family members. The first three family members are widely expressed in the mouse; the fourth family member, ZFP36L3, is expressed in placenta and yolk sac of rodents but not, to our knowledge, in other tissues or animal species [31] . In amphibians, orthologues of the three core family members TTP, ZFP36L1 and ZFP36L2 are present [32] ; in addition, in Xenopus laevis and Silurana tropicalis a fourth family member is present, which contains a second degenerate TZF domain and has been implicated in meiotic metaphase arrest [33] . In insects, in general only a single family member is expressed; the lengths of the two isoforms of TIS11 protein in Drosophila melanogaster are 408 and 436 amino acids (GenBank accession numbers NP_727633.1 and NP_511141.2, respectively), and to date the shortest insect family member to be identified is from the red flour beetle, Tribolium castaneum, at 250 amino acids (XP_968440.1). In most yeast species, only a single family member is expressed; however, two are expressed in S. cerevesiae (Cth1p, NP_010435.1, and Cth2p, NP_013237.1). The shortest family member to be identified in yeast, or indeed in any organism to our knowledge, is in the yeast Meyerozyma guilliermondii, in which the full length predicted protein sequence is 156 amino acids (M.L. Wells and P.J. Blackshear, unpublished data); in this predicted protein, the TZF domain represents the extreme Cterminal 65 amino acids. Although target sequences have not been analyzed in detail for these non-mammalian proteins, recent studies with the yeast and fly proteins suggest that they can bind to essentially identical RNA sequences as the mammalian proteins.
Thus, the available data support the concept that the TZF domains from all of these proteins binds to the optimum sequence UUAUUUAUU. In most cases, quantitative binding of the type used by Brewer et al [28] has not generally been performed with TZF domains from other proteins, so that minor changes in affinity are still possible among the family members from a given animal species, and among orthologues of a single protein among different animal species. An interesting exception to the general rules cited above is seen in C. elegans, in which a large number of proteins are expressed that contain variants of the core, TTP-like TZF domain [34] . Some of these conform to the sequence conservation and spacing rules for the TTP-like TZF domains, but others vary widely in internal spacing, conserved residues, etc. Discussion of these proteins is beyond the scope of this review, but they represent interesting outliers in the overall discussion of structure vs. function for this class of proteins.
Methods of Determining Whether a Given Transcript is a TTP "Target"
The early data demonstrating the role of TTP in regulating the stability of the TNF mRNA exemplify the types of evidence that can be assembled in increasing the probability that a given mRNA is a true physiological target of TTP or its family members. We have not tried to weight these criteria in attempting to determine a formal probability, but the more criteria that are satisfied for a given proposed interaction, the more likely that the interaction is of physiological relevance. In the case of TNF, investigators were forced to work "backwards" from the phenotype of the TTP KO mice, with the clinical criteria driving the hypothesis that TNF excess was contributing to the phenotype. The initial test of the hypothesis used treatment with anti-TNF antibodies to prevent the development of the phenotype in the TTP KO mice [19] . Subsequent genetic work, in which the TTP KO animals were crossed with mice deficient in one or both types of TNF receptors, definitively established the role of TNF overexpression in the phenotype [35] . In both cases, most if not all of the TTPdeficiency phenotype was corrected by the anti-TNF treatments. This allowed the Blackshear group to demonstrate, sequentially, the overproduction of TNF from macrophages from the TTP KO mice; the association of this overproduction with elevated levels of TNF mRNA in the same cells; and the association of these elevated mRNA levels with increased stability of the mRNA in the KO cells. Thus, in our view, one of the most important criteria in determining whether a given mRNA is a target for TTP is the demonstration that its mRNA is stabilized in cells isolated from TTP KO mice. It is obviously possible that such stabilization can occur in mRNAs that are not true targets, by various types of secondary effects; however, when this analysis is combined with various induction strategies that ensure that TTP protein is present in high concentrations, as with LPS stimulation of macrophages, or serum stimulation of fibroblasts, then the likelihood of a direct TTP effect is enhanced considerably.
However, there are obvious problems with this approach. One is that KO mice are expensive to maintain, and since the homozygous TTP KO mice are essentially infertile, the colonies need to be maintained as heterozygotes, increasing colony size and complexity. A second problem is that it is essentially impossible to isolate 100 % homogeneous cultured cells from mice, given contamination with other cell types. When this has been accomplished, as in fibroblasts maintained for more than 200 passages to complete homogeneity [36] , there is the likelihood that novel mutations will have arisen during this extended period in culture. Third, the situation in cultured cells may bear a limited relationship to the situation in an organ in situ. Fourth, as illustrated by the cell-free binding data of Brewer et al [28] , it is possible to demonstrate RNA binding of TTP TZF domains to probable non-physiological target sequences of much lower affinity, simply by increasing concentrations of the binding peptide or protein; this can easily be accomplished using transfection methods in cultured cells, where TTP overexpression can lead to a triphasic dose response curve of mRNA decay. Finally, it is relatively easy to demonstrate non-specific squelching of gene transcription using TTP overexpression in transfection experiments. All of these problems limit the usefulness of co-transfection assays as means of determining the likelihood that a given mRNA is a true, physiologically relevant target of TTP.
However, if these limitations are borne in mind, then other types of evidence can be useful in assembling an argument in favor of the physiological relevance of a given interaction. These types of evidence can include, in no particular order of importance: 1. Demonstration of one or more ideal TTP binding site sequences in the putative target mRNA (the online databases ARED and AREScore can be helpful in identifying these sites (http:// brp.kfshrc.edu.sa/ARED/) (http://arescore.dkfz.de/arescore.pl)); 2. Demonstration of binding, using RNA gel shift analyses or other methods for measuring RNA-protein interactions; 3. Use of co-transfection assays to demonstrate an effect of WT TTP to promote the decay of a putative target transcript, and demonstration that this effect is lost with one or more TZF domain mutants, or target sequence mutants; 4. Demonstration of TTP-dependent target deadenylation, either in intact cells or in cell free deadenylation systems (see below for a discussion of the phenomenon in intact cells); 5. Demonstration of co-immunoprecipitation of the target mRNA with TTP itself, preferably using endogenous rather than transfected-expressed protein; 6. Sequence alignments demonstrating phylogenetic conservation of the binding sites. In the case of the TNF mRNA, every one of these additional criteria has been satisfied, making it the "gold standard" for demonstrating the physiological importance of a proposed interaction. The TTP interaction with the TNF mRNA has the additional advantage over other proposed interactions in that it is physiologically very obvious, i.e., the animals get very sick when TTP is absent, but their disease is prevented when TNF is neutralized with antibody or genetic ablation of TNF receptors. Given the overwhelming dependence of the TTP deficiency phenotype on TNF, it seems unfair to subject other molecules to this standard. However, the other molecules identified below as likely TTP targets may well contribute to some aspects of the overall TTP deficiency phenotype, or to other facets of mouse physiology that are not apparent in the mice severely affected by TTP-dependent TNF excess. It may be possible to decipher some of these roles in the TTP-TNFR1-TNFR2 "triple KO" mice, which exhibit a minimal phenotype [35] 
TTP and GM-CSF
After the discovery of TNF mRNA as the first identified TTP target, and one that explained the phenotype of TTP deficiency in the mouse, other potential targets were explored that took advantage of the previously described consensus TTP binding sequence. One of the best known ARE-containing mammalian mRNAs is that encoding granulocyte-macrophage colony-stimulating factor (GM-CSF), a potent growth and migration factor for cells of the myeloid lineage. This growth factor is of significant clinical interest in its therapeutic use to stimulate the production of white blood cells following chemotherapy. In addition, GM-CSF deficiency is associated with pulmonary alveolar proteinosis in mice. GM-CSF mRNA was initially used as the primary example of the demonstration that AU-rich elements can confer instability on otherwise stable mRNAs [37] . Mammalian GM-CSF mRNA orthologues contain a highly conserved ARE that contains many repeats of the optimal UUAUUUAUU TTP binding sequence, although some of these are overlapping ( Table 2 ).
Based on the presence of these potential binding motifs alone, Carballo et al [38] chose a cell type that expressed both TTP and GM-CSF, bone marrow derived stromal cells, and examined these cells from TTP WT and KO mice to determine whether TTP deficiency resulted in stabilization of this transcript after LPS stimulation. The results were unequivocally positive -that is, in the normal cells under these conditions, GM-CSF mRNA decayed with a half-life of approximately 99 min, whereas in the TTP KO cells, there was effectively no decay during the several hour period examined after LPS stimulation. In the same cells under the same conditions, TNF mRNA was also stabilized in the absence of TTP, making these stromal cells the second cell type in which TTP had an effect on TNF mRNA stability.
One of the most important aspects of this paper was the finding that, in the normal stromal cells, GM-CSF mRNA was expressed on northern blots as two bands of approximately equal intensity that differed in size by approximately 200 nucleotides. In the normal cells, these decayed more or less in parallel after actinomycin D treatment. However, in the KO cells, not only did the mRNA not decay after actinomycin D, but it was present almost entirely as the larger form of the transcript. This was demonstrated by RNAse H experiments to be the primary spliced and polyadenylated transcript, whereas the lower molecular weight species turned out to be a largely deadenylated transcript. In other words, TTP deficiency was not only stabilizing the mRNA, but preventing its initial deadenylation, then as now thought to be the rate limiting step in mRNA decay in eukaryotes.
This serendipitous finding of a deadenylated intermediate expressed in normal cells therefore led to the concept that the primary effect of TTP, after binding to AU-rich elements in RNA, was to promote processive removal of the polyA tail, or deadenylation. To our knowledge, this fortunate finding of a stable deadenylated intermediate has not been repeated during the identification of other TTP binding targets, but was extremely useful in our understanding of TTP's mode of action. In situations in which it has been tested, the effects of other TTP family members, including the other mammalian proteins and those from non-vertebrate organisms, act in similar ways, i.e., RNA binding followed by deadenylation. This can be mimicked in cell free deadenylation assays [39] , and TTP can potentiate the effect of certain deadenylases such as PARN to promote deadenylation of ARE-containing target transcripts [40] . A detailed mechanism of how TTP family members may promote deadenylation is presented below; ultimately, a complete understanding of TTP mediated mRNA decay rests on the continued identification of TTP-associated proteins and other factors.
TTP mRNA Targets
By the year 2000, the TNF and GM-CSF mRNAs were the only established, apparently physiologically relevant TTP targets. Both of these transcripts were characterized by multiple, closely spaced (and in many cases overlapping) 7, 8 or 9-mer consensus sequences that were highly conserved among mammals (Table 2) . In both cases, the sequence conservation outside of the ARE was considerably poorer than within the ARE, supporting the idea that these were sequence elements important throughout mammalian evolution. It therefore seemed reasonable to search for other important transcripts that shared these characteristics, and test them as likely TTP targets. One example chosen by one of us (PJB) was the mRNA encoding interleukin 3 (IL3), an important cytokine involved in hematopoiesis. As shown in Table 2 , in which ARE sequences from several disparate mammals for TNF, GM-CSF and IL3 are described, the IL3 AREs from many organisms contain what would appear to be ideal TTP binding sites that are conserved among species. It seemed reasonable to investigate the possibility that this transcript would be a TTP target in a physiological cell system.
Bone marrow derived mast cells were chosen as a cell type that expressed both TTP and IL3. However, despite ready demonstrations of induction of IL3 and TTP mRNAs by ionophore, similar actinomycin D decay curves in WT and TTP KO cells did not demonstrate any apparent effect of TTP deficiency on IL3 mRNA decay (E. Carballo and P.J. Blackshear, unpublished data). This experiment highlights a remaining significant conundrum in this field, i.e., why do some apparently "perfect" target transcripts not respond in the expected way to the presence and absence of TTP? Various explanations can be proposed, including prior occupancy of the AREs by protective proteins; differences in intracellular localization between the TTP protein and the IL3 mRNA; cell-type specific effects on either the protein or the transcript that would not hold true in other types of cells; and many other possibilities. Resolution of these mysteries will considerably increase our understanding of TTP physiology.
Part of this failure to identify IL3 mRNA as a TTP target in mast cells may be the choice of cell type, although the mechanism of this failure remains unexplained. For example, Stoecklin et al [41] described imaginative experiments in HT1080 cells in which they examined the effects of mutagenesis on a GFP fusion transcript linked to the IL3 mRNA 3′UTR. They identified three mutant cell lines in which this transcript was stabilized; two of these could be complemented by the expression of TTP. However, the stability of TNF mRNA was not affected in these cell lines. A later study by the same group supported these findings [42] , using co-transfection and over-expression of TTP to promote IL3 mRNA turnover.
That same year, studies in purified T cells identified interleukin 2 (IL2) as a potential binding target for TTP, as well as supporting binding interactions with TNF,GM-CSF, cFos, and IL3 mRNAs [43] . These studies were performed by immunoprecipitating TTP and investigating candidate mRNAs by real-time RT-PCR, and did not involve studies of mRNA decay.
Since the description of TNF and GM-CSF as the first two physiologically relevant TTP targets, there have been numerous descriptions of other mRNAs that have been proposed and, to some extent, validated as targets in various systems. These findings will be summarized in the paragraphs that follow. Because of space limitations, we will not attempt to describe targets for the other TTP family members in vertebrates, nor the targets for TTP family members in non-vertebrate systems like insects and yeasts.
After the year 2000, descriptions of TTP target identification began to be published frequently. The starting database for the present compilation were the 293 papers that resulted from the search described at the top of this section; we regret any that we have missed because of this possibly not all-encompassing search. In Table 3 , we have included all identified targets from this literature search in roughly chronological order, along with the cell types in which the studies were performed, if possible. The official mouse or human gene symbols are included in the first column, and the description of the protein or its common name were included in the second column. For TNF and GM-CSF, we have not included all the additional citations after the first descriptions mentioned above. We will try to maintain this as an "updatable" table, so authors are encouraged to contact the authors regarding mistakes, updates, etc. -please be polite! A final caveat is that we did not make an attempt to go through each of these papers and determine the probability that the described experiments establish a given transcript as a physiologically relevant TTP target. We hope that interested readers will turn to the original publications and make up their own minds as to the validity of the conclusions.
There are several papers in the literature that describe unusual aspects of these interactions, or interactions with DNA or the transcription apparatus. In one example, the authors were not able to detect an effect of TTP on TNF mRNA stability, but instead demonstrated a potent effect of TTP to suppress TNF transcription [44] . Interested readers should refer to the original article, but it is worth noting here that TTP has been shown to non-specifically "squelch" many promoters, and frequently causes cell death when overexpressed. Nonetheless, the question of TTP's nuclear role, if any, is an important one that remains to be adequately explained. A few years later, the same group published a fascinating paper in which they demonstrated a role for the microRNA miR16 in ARE-dependent mRNA turnover, apparently through an indirect interaction between the microRNA and TTP, mediated by various members of the RISC complex [45] . They concluded that "…the cooperation of miRNA and ARE binding proteins, like TTP, appears to be essential in AREmediated mRNA degradation". This group followed up on some aspects of these studies in further work [46] . In contrast, recent work from another group [47] showed that ARE mediated mRNA decay can occur independently of the miR machinery. Further work is required to clarify this area of TTP biology.
Other papers that describe possible nuclear functions for TTP include a study showing that TTP can negatively regulate NF-kB signaling at the transcriptional co-repressor level" [48] , a second study from the same year showing that TTP can interfere with NF-kB activity, at least in part, by interfering with the nuclear translocation of p65 [49] , and, most recently, a study demonstrating that siRNA knockdown of TTP can interfere with hepatic 3-hydroxy-3-methylglutaryl coenzyme A reductase promoter activity, both with and without insulin stimulation [50] . This last result is quite remarkable; since one of us (PJB) has recently developed a hepatocyte-specific TTP KO mouse, it should be possible to probe this finding further using this genetic model. Two other types of findings deserve further highlighting, in our view. One is the report describing direct binding of TTP to the HIV-1 genomic RNA, apparently resulting in inhibited virus production in CD4+ T cells [51] . To our knowledge, this interesting and provocative finding has not been followed up on. A second, unrelated group of reports describes an activity of TTP to promote inducible nitric oxide mRNA decay, not by direct RNA binding but by interacting with a second RNA binding protein, KSRP [52, 53] .
TTP Interacting Proteins
We have compiled a list of TTP interacting proteins (Table 4 ). These were identified by searching Entrez for "tristetraprolin immunoprecipitation", "tristetraprolin interactor", "tristetraprolin yeast" (for yeast two hybrid), and "tristetraprolin kinase assay". The searches resulted in a net of 107 individual manuscripts. As above, we have not attempted to determine the likelihood that a given report described a "true", physiologically relevant interaction. However, we did exclude proteins from the list that were only identified as "colocalizing" with TTP, for example by immunocytochemistry. We regret any that we have missed because of this possibly not all-encompassing search.
Phosphorylation of TTP
The TTP protein is subject to extensive posttranslational modification, particularly phosphorylation (for review see [54] ), and several reports have also described its ubiquitination [55, 56, 57] . A number of signaling pathways have been reported to target TTP, including the ERK MAPK, p38 MAPK, JNK, GSK3β, PKA, PKB/AKT, and PKC pathways [54, 58, 59, 60, 61] . All three broadly expressed TTP family member proteins contain amino acid sequences that are well conserved at specific phosphorylation sites, and all are assumed to be similarly phosphorylated [62] . While extensive TTP phosphorylation has been mapped, only the serine-threonine phosphatase PP2A has been established as promoting TTP dephosphorylation [63] . Indirectly, the casein kinase 2 (CK2) has been shown to enhance TTP-mediated mRNA decay by phosphorylating MKP-1 (DUSP1), which in turn can dephosphorylate p38 MAPK [64] .
The p38 MAPK pathway represents a critical controller of TTP function. TTP can be phosphorylated by MAPK-activated protein kinase 2 (MK2), a downstream target of p38, at serines 52 and 178 in mouse, 60 and 186 in humans [60, 65, 66] . Phosphorylation of TTP at these sites was initially hypothesized as regulating TTP ARE binding, the initial event leading to TTP activity [56, 59, 67] . However, data indicating that TTP is present on the polysomes [65, 68] required rethinking of the hypothesis. Subsequent work by several groups reported that TTP mRNA binding activity was not affected by phosphorylation occurring through ERK MAPK, p38 MAPK/MK2, or JNK kinase activity [58, 60, 66, 69, 70] , and this finding has been extended by reports indicating that phosphorylation of ZFP36L1 does not affect the ability of this TTP family member to bind AREs [71, 72] . Numerous publications reported that, in response to p38 phosphorylation, TTP can form complexes with the multifunctional adaptor 14-3-3 proteins [60, 63, 66, 70, 71, 73] , an interaction that reportedly inhibits TTP mediated mRNA decay and protects TTP proteins from proteasomal degradation [55, 63, 74] .
Completing the signaling pathway circuit, PP2A has been reported to mediate dephosphorylation of TTP, thus promoting decay of proinflammatory cytokine mRNAs that are stabilized through activation of p38/MK2 mediated phosphorylation of TTP [63] . More recent work implicates the ERK pathway as regulating TTP protein stability [57, 75, 76] . These findings are consistent with earlier work reporting that p38 activation, while necessary to inhibit TTP function, was not sufficient by itself to inhibit TTP function. Rather, the combined activation of both ERK and p38 was needed to inhibit TTP mediated TNF ARE decay [57] . It is also clear that our current understanding of TTP phosphorylation and the impact of phosphorylation events on TTP function is incomplete. For example, TTP is still capable of promoting decay of the TNF transcript following four hours of LPS stimulation, a time point at which the TTP protein is fully induced and phosphorylated [21] . Thus, at least in some physiological situations, apparently full phosphorylation of TTP does not abrogate its mRNA destabilizing capability.
A final component in discussing the regulation of TTP function must mention reports that TTP mRNA stability is controlled through an auto-regulatory negative feedback loop. Several studies have reported that TTP protein can bind to the AREs within its own 3′UTR, thus promoting decay [77, 78] . In these experiments, the TTP message is quite labile, yielding half-lives of 17-22 min in unstimulated cells and about 45 min in stimulated cells [77, 78] . One of us (PJB) has recently developed a knock-in mouse in which a single base change has been knocked into the Zfp36 locus, resulting in a mutation of one of the cysteines in the TZF domain, which produces a protein incapable of binding mRNA (W.S. Lai and P.J. Blackshear, unpublished data). This mouse should be very useful in dissecting the effects of TTP to regulate the stability of its own mRNA in a physiological setting. Both ZFP36L1 and ZFP36L2 mRNAs also contain AREs in their respective 3′UTRs [6] . While cross regulation of TTP, ZFP36L1 and ZFP36L2 has not to our knowledge been demonstrated, both family member mRNAs are found to be part of the TTP-associated mRNA pool [79] , suggesting the possibility of cross-regulation between TTP and its family members.
Cytoplasmic mRNA Degradation
Upon export from the nucleus to the cytoplasm, mRNAs undergo a pioneer round of translation which is initiated by the nuclear cap-binding CBP20-CBP80 protein complex. The pioneer round of translation serves as a surveillance mechanism ensuring that the mRNA is properly spliced, contains an appropriate stop codon, and does not contain sequences resulting in ribosomal stalling. Aberrant messages are rapidly degraded via nonsense-mediated decay [80, 81] , non-stop mediated decay [82, 83] , or no-go mediated decay [84] . The pioneering round of translation results in a dramatic remodeling of the mRNP, stripping off nuclear bound proteins, including the exon junction complexes, and replacing the CBP20-CBP80 complex with the cytoplasmic cap-binding protein eukaryotic translation initiation factor 4E (eIF4E) [85] . The remodeled mRNP can then i) recruit the translation initiation complex to the mRNA through eIF4E, resulting in protein production, ii) target the mRNA for degradation or, iii) target the mRNA for storage, where at some future point it can be translated or degraded.
Deadenylation is thought to be the initial step in mRNA decay in all eukaryotes. Vertebrates express at least three deadenylation complexes: the Ccr4/Caf1/Not complex, the Pan2/Pan3 complex, and the poly A-specific ribonuclease (PARN) complex [86, 87, 88] . Following deadenylation, transcripts can be rapidly degraded via the 5′-3′ Xrn1 exonuclease pathway or the 3′-5′ exosome pathway [89, 90] .
In the 5′-to-3′ decay pathway, the mRNP rearrangement that is brought about by poly(A) tail shortening facilitates the recruitment of the decapping enzymes Dcp1 and Dcp2 to the cap structure, resulting in message decapping [91, 92] . Once decapped, the transcript is degraded by the Xrn1 5′-to-3′ exonuclease. 5′-to-3′ decay components, including Dcp1, Dcp2, and Xrn1, are concentrated in cytoplasmic granules called processing bodies (Pbodies) [93] ; however, microscopically visible P-body formation is not essential for 5′-to-3′ decay [94] . Experiments using translational inhibitors indicate that mRNAs need to be released from polysomes prior to their localization in P-bodies [95, 96, 97] . In addition, the presence of an RNA hairpin in the 5′ UTR, which represses translation initiation, does not enhance localization of ARE-containing mRNAs to P-bodies [95] . These data suggest that ARE-binding proteins may stimulate polysome release. However, TTP and ZFP36L1 tethered to a message are reportedly less effective at localizing mRNA to P-bodies than messages containing AREs, implying the involvement of other ARE proteins, perhaps TIA-1 and TIAR [98, 99, 100, 101, 102] . Interestingly, TTP has been described in P-bodies irrespective of its phosphorylation status [103] .
In the 3′-to-5′ decay pathway, transcripts are fully deadenylated and then degraded by the exosome 3′-to-5′ exonuclease complex [104, 105] . Recent data indicate co-localization of Rrp44 (Dis3) and Rrp6 (Pm/Scl-100), the exosome specific RNase subunits, with Xrn1 as well as other P-body and exosome components [68, 106] . ARE-dependent mRNA decay can utilize both the 5′-3′ and 3′-5′ decay pathways [107] and TTP, as well as other TTP family members, can associate with both exosomes [53, 57, 107, 108] and P-bodies [66, 103, 109, 110] . The mechanism(s) underlying targeting of a TTP-bound message to one pathway or the other are at present unclear, but the current consensus is that the 5′-3′ decay pathway predominates for most mRNA decay and most ARE-dependent mRNA decay [92, 93, 111] .
Finally, TTP family members can also localize to stress granules (SG) [66, 103, 109] . Heat shock, energy deprivation and other stressors induce the shutdown of bulk mRNA translation, resulting in the formation of granules containing untranslated mRNAs together with stalled translation initiation factors [112] . Unlike the situation with P-bodies, TTP colocalizes to SG only in the absence of phosphorylation at serines 52 and 178 [103] . It is possible that access to the pool of translationally stalled mRNAs may be an important function of TTP family proteins, allowing for a return to cellular homeostasis once the stressing stimuli are removed.
TTP Mediated mRNA Decay
So where does TTP specifically fit into the process of mRNA decay? As discussed above, TTP has a high affinity for the nonamer sequence UUAUUUAUU, and promotes the shortening of the poly(A) tail of GM-CSF transcripts [38] . Recent work indicates that TTP can specifically recruit the Ccr4/Caf1/Not deadenylase complex [69, 70, 113, 114] . TTP (and ZFP36L1) can associate with Ccr4, and this interaction results in the deadenylation and decay of ARE-containing reporter mRNAs [69, 70, 113] . Ccr4 recruitment appears dependent on the interaction of Not1 with the C-terminal domain of TTP [113] and depletion of Caf1 or Ccr4 inhibits TTP-directed deadenylation, resulting in stabilization of ARE-containing transcripts [69, 70, 113] .
Deadenylase recruitment by TTP appears to be regulated by the p38-MK2 signaling axis, with phosphorylation of TTP by MK2 reported to inhibit TTP-mediated deadenylation of ARE-containing transcripts [69, 70] . This is consistent with the observation that p38 activity regulates the poly(A) tail length of endogenous TNF mRNA [70] . However, the specific role of 14-3-3 proteins in this process remains ambiguous. Recall that earlier work identified 14-3-3 binding to TTP when it is phosphorylated at serines 52 and 178, and that this interaction both inhibits TTP-mediated mRNA decay and protects the TTP protein from degradation [55, 56, 63, 76] . Recent work by Clement et al. found that 14-3-3 binding to TTP directly inhibited deadenylase recruitment [69] . In contrast, Marchese et al. found that recruitment of CAF1 to TTP was inhibited by MK2, but this inhibition did not require 14-3-3 [70] . Clearly, further work is needed to clarify this issue.
Several additional points remain unresolved. The p38-MK2 axis does not appear to be the only signaling pathway contributing to the recruitment of deadenylases. A non-MK2 phosphorylatable TTP mutant (TTP-AA), in which serines 52 and 78 are mutated to alanines, is thought to exhibit enhanced ARE-mediated decay. However, the TTP-AA mutant exhibits a partial reduction in deadenylase affinity in the presence of okadaic acid, which inhibits PP2A, even though the p38/MK2 phosphorylation sites cannot be phosphorylated [69] . These data support the hypothesis that phosphorylation events other than those mediated by MK2 also contribute to the interaction of TTP with the deadenylation complex. Additionally, proteasome antagonists inhibit TTP function, implying that proteasome-mediated turnover of TTP protein is involved in ARE-mediated mRNA decay [57] . However, data with the TTP-AA mutant demonstrate that proteasome blockade does not completely inhibit the function of TTP-AA [55] . Given earlier work indicating TTP protein stability and function are regulated in part by ERK [57, 75, 76] , it seems plausible that ERK-mediated phosphorylation is involved.
Taken together, the literature described above support the following model of TTPmediated, ARE-containing mRNA decay. TTP target binding likely occurs in the cytoplasm following the pioneer round of translation. When p38 activity is low and TTP is relatively unphosphorylated at serines 52 and 178, TTP can bind to Not1, recruiting the Ccr4/Caf1/Not deadenylation complex. This results in shortening of the poly(A) tail and in decay of the TTP bound mRNA. The TTP protein itself is unstable in the dephosphorylated form and is turned over by the proteasome. Proteasome inhibition inhibits TTP mediated decay, but the precise relationship between TTP protein turnover and mRNA decay is unclear at this time.
Upon signal-dependent activation of p38 and ERK, TTP proteins are phosphorylated, inhibiting the interaction of TTP with Not1, and thus recruitment of the Ccr4/Caf1/Not deadenylation complex. The TTP-ARE containing mRNP is resistant to decay and the TTP protein is resistant to proteasome degradation. As the activating signal wanes, the phosphatase PP2A promotes dephosphorylation of TTP, allowing resumption in decay activity.
TTP and mRNA Translation
Translation in eukaryotes is regulated primarily at the level of initiation, and the efficiency of translation initiation determines the rate of protein synthesis (for review, see [115] ). Several studies have linked the p38-MK2 signaling axis with ARE-mediated translation [56, 116, 117, 118] , but the proteins involved in the process have remained elusive. Three recent manuscripts appear to shed light on this process and both involve TTP.
In the first report, Cul4B, a scaffolding component of cullin-ring finger ubiquitin ligases (CRL4B), was identified as present in a TNF 3′UTR mRNP in the context of TTP expression, but not in the in the absence of TTP expression [55] . When Cul4B expression was reduced by shRNA, TNF mRNA levels and stability were comparable to control shRNA expressing macrophages in the absence of activation. Following LPS stimulation, cells with reduced Cul4B expression failed to fully stabilize the TNF message and exhibited enhanced TTP-mediated ARE decay. Indeed, reduced Cul4B expression increased the activity of the TTP-AA mutant, while constitutive activation of ERK and p38, which completely inhibited wild-type TTP function in control shRNA cells, only partially inhibited TTP mediated mRNA decay in Cul4B shRNA cells. Importantly, TTP protein levels were reduced in Cul4B shRNA cells, likely via the same translational mechanism, and TTP phosphorylation and ubiquitination were comparable in Control and Cul4B shRNA cell, making it unlikely that TTP itself is the direct target of Cul4B. Examining the polysome distribution of endogenous TNF mRNA revealed that reduced Cul4B levels resulted in reduced TNF polysome loading. It was concluded that in response to LPS stimulation, Cul4B promoted polysome loading of the TTP-bound TNF mRNP. Reduction in Cul4B levels reduced TNF mRNA polysome loading, shunting TNF mRNA back to the TTP mRNA decay pathway.
In the second paper, careful polysome profiling analysis following TTP knockdown and with TTP tethered to non-ARE containing mRNA further indicate a role for TTP as a translational regulator [119] . Qi et al. also report that silencing RCK/p54 resulted in a 1.5 fold increase in protein expression from a GM-CSF 3′UTR luciferase reporter, with a modest effect on mRNA levels [119] . Similar effects were seen with endogenous TNF in the context of RCK/p54 knockdown. Enhanced translation with RCK/p54 knockdown was observed even if TTP was overexpressed, indicating the involvement of RCK/p54 and TTP in the translational regulation of endogenous TNF mRNA. Thus, depleting RCK/p54 inhibited TTP-mediated repression of ARE-containing reporters and endogenous TNF. These results are consistent with some of the initial findings in the TTP knockout animal, in which TTP-deficient macrophages secreted about 5-fold more TNF, accompanied by a 2-fold increase in TNF mRNA levels, compared to wild-type macrophages [19] .
It does not appear that TTP and RCK/p54 directly interact but rather are both members of larger protein assemblies [120] . Importantly, unlike TTP, RCK/p54 is not present on the polysomes [121] , but it appears that translation initiation is required for translational repression mediated by Dhht1, the yeast homologue of RCK/p54 [122] . Previous work has shown that conditions which increase decapping or mRNA decay rates decrease translational initiation, while conditions that stabilize mRNAs within the polysome pool or promote translation decrease mRNA decapping, decay, and P-body formation [97, 114, 123, 124, 125, 126] . Thus, there is a reciprocal relationship between mRNA translation and mRNA degradation, consistent with the findings that RCK/p54 overexpression inhibits translation and knockdown enhances translation.
Finally, a recent paper suggests that the ARE binding protein HuR needs to replace TTP in order for TNF translation to occur [127] . Working in immortalized macrophages double negative for MK2 and MK3 which were subsequently reconstituted with either MK2 or GFP (Control), the authors demonstrated that much of the translating TNF mRNA localizes to the endoplasmic reticulum, and that this localization is enhanced by MK2. In their hands, the endoplasmic reticulum-specific polysome pool contained HuR but not TTP, whereas the cytoplasmic polysome pool contained both HuR and TTP. In vitro binding assays demonstrated that HuR was able to displace TTP from an ARE-containing RNA probe when TTP was phosphorylated by MK2. The authors also showed that HuR immunoprecipitations captured about 2% of the TNF mRNA in the MK2 reconstituted, LPS-stimulated macrophages. An examination of TTP-bound TNF mRNA was not performed due to difficulties in effectively clearing the TTP protein, a familiar problem due to the high concentrations of TTP protein in activated macrophages. While the precise percentage of polysome-localized TNF mRNA associated with TTP protein is difficult to determine, TTP does appear to associate with the TNF mRNA on the polysomes, consistent with the presence of TTP protein in polysomes found by several groups [65, 68, 127] . The authors propose the interesting idea that the critical transition involving TTP and HuR is not translation/no translation, but rather cytoplasmic polysome localization to endoplasmic reticulum polysomes.
These data imply that TTP, rather than functioning exclusively as an mRNA decay promoting protein that is turned on and off, rather functions as a signal integrating switch, serving as the "link" between decay and translation of its mRNA ligands (Fig. 3 ). In this model, under conditions of low p38 activity, TTP promotes ARE-mediated mRNA decay and ARE-mediated translational repression. Increased p38 activity switches TTP function so that not only is the ARE-transcript stabilized, but its translation is enhanced. The finding that RCK/p54 acts through TTP to regulate GM-CSF and TNF translation implies that RCK is acting after translation initiation to shut off protein production after it has been induced [122] . For Cul4B, one can imagine CRL4B ubiquitination of its target protein, resulting in protein degradation or conformation change, operating to enhance the formation of a translationally competent mRNP or allowing a transition from cytoplasmic to endoplasmic reticulum translation. It is conceivable that translation of the signal sequence, necessary for localization to the endoplasmic reticulum for translation, is involved in regulating Cul4B activity. Alternatively, one could imagine the CRL4B targeting RCK/p54 and inhibiting translational termination. It remains unresolved precisely how mRNAs shift from the polysomes to translationally repressed mRNPs that are targets for decay or P-body accumulation. Further work is required to clarify these questions.
Conclusion
Since its discovery as a regulator of TNF mRNA stability more than 15 years ago, TTP has become one of the best understood posttranscriptional regulators and ARE binding proteins. Still a great deal of work remains for a complete understanding of the regulation of TTP function and its targets. As technology advances, particularly ribosome profiling and deep sequencing, we will likely be able to more clearly identify true TTP mRNA ligands and the functional consequences of TTP binding. While clearly an mRNA stability regulator, recent work indicating that TTP also functions as a translational regulator represents an exciting new avenue of research. Validation of this hypothesis requires additional work to establish the precise mechanism of action, similar to the work indicating that TTP mediated mRNA decay is initiated by recruitment of the Ccr4/Caf1/Not deadenylation complex. Finally, establishing the regulation of TTP expression, subcellular localization, and function in normal versus diseased tissues should enable a transition from the laboratory to bedside applications.
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Highlights for review
• We provide an up to date list of TTP mRNA ligands described in the literature.
• We describe a list of TTP interacting proteins published to date.
• This review discusses how phosphorylation has been proposed to regulate TTP function
• A model of TTP mediated mRNA decay is provided.
• A model is discussed of the proposed role of TTP to regulate mRNA translation.
Fig. 1. Papers published on TTP since 1990
The figures shows the results of the literature search described in the text; abstracts were not included. The asterisk for 2012 indicates that papers not picked up in the search on August 15, 2012, were not included. The figure shows a model of the interaction between the TZF domain of human TTP and the 9-mer UUAUUUAUU, based on the original structure for human ZFP36L2 bound to the same oligonucleotide [29] . In this view, the amino-terminal zinc finger is on the right, the Cterminal zinc finger is on the left. The RNA oligonucleotide runs from left to right in the 5′ to 3′ orientation. The zinc residues are highlighted, as are certain bases in the RNA. The color is meant to demonstrate amino acid identities between this TTP sequence and the original ZFP36L2 (TIS11D) TZF domain that was used to form the original structure. As the colors become "warmer" from dark blue, they represent progressively greater chemical differences between the TTP and ZFP36L2 amino acids. Taken from [30], with permission. This schematic figure is intended to illustrate some of the elements of TTP function. Many protein interactions are not presented, and the specifics of the portrayed protein-protein interactions are necessarily simplistic. TTP cycles with its mRNA ligand between the translating and non-translating pool of messages [65, 68, 95, 97] . Under conditions of low p38 activation, TTP is dephosphorylated at serines 52 and 178 (mouse) [60, 66] which recruits Not1 [113] to the carboxyl end of the protein resulting in message deadenylation by the Ccr4/Caf1/Not deadenylation complex [69, 70, 113] . The amino terminal end of TTP recruits the decapping complex through an interaction with Dcp2 and Edc3 [120] , but the specific phosphorylation status of TTP regarding this interaction has not been determined. Following p38 phosphorylation, TTP is unable to interact with Not1, and the TTP containing mRNP moves onto the polysomes. This process reportedly involves the CRL4B ubiquitin ligase component Cul4B [55] . The presence of Cul4B on the TTP containing mRNP is not dependent on p38 activity [55] . While not indicated in the figure, the translation competent TNF polysome complex may localize to the endoplasmic reticulum following signal sequence translation, and this process appears to involve HuR [127] . Through an as yet undetermined process, translation of the TTP containing mRNA ceases, and this process is reported to involve the translational repressor RCK/p54 [119] . RCK/p54 is not present on the polysomes [121] and appears to require translation initiation to operate as a translational repressor [122] . RCK/p54 interacts with a scaffolding protein, Pat1b, which also interacts with Not1 and, through Dcp1, Dcp2 [201] . Thus a deadenylation/decapping complex can form the TTP containing mRNP. Table 1 Binding of fluorescent ARE probes to a 75 amino acid synthetic TZF domain peptide from human TTP Taken from fluorescence anisotropy data described in [28] . A residues are in red; sequences discussed in the text are highlighted in bold.
Probe sequence K d at 25°C (nM)
Fl-AUUUAUUUAUUUA 3.6
Fl-UUAUUUAUU 3.0
Fl-UAUUUAU 19
Fl-UUUUUUUUUUUUU 280
Fl-UUUUAUUUAUUUU 3.2
Fl-UUUUAUUUUUUUU 56
Fl-UUUUAUUUCUUUU 83
Fl-UUUUAUUUGUUUU 28
Fl-UUUUUUUUAUUUU 54
Fl-UUUUCUUUAUUUU 93
Fl-UUUUGUUUAUUUU 28
Fl-UUAUUUUUU 130
Fl-UUUUUUAUU 120
Fl-UUUUAUAUUUU 160

Fl-UUUUAUUAUUUU 18
Fl-UUUUAUUUAUUUU 3.2 Fl-UUUUAUUUUAUUUU 6.4 Table 2 Alignments of selected ARE regions from selected mammalian species for TNF, GM-CSF and IL3
Fl-UUUUAUUUUUAUUUU 17
The numbers refer to the base number in the RefSeq from GenBank for each species. The core 7-mer TTP binding site sequences are highlighted in red. [63, 193] MEKK1 IP [194] TRAF2 IP [194] Protor-2 Y2H Carboxyl Term Domain [130] Transcription Factors Stat2 Y2H [195] p65/NFκB OE-IP [48] Phospho-TTP Binding Proteins 14-3-3β OE-IP pSer52, pSer178 [60, 66, 196] 14-3-3η Y2H, OE-IP [196] 14-3-3ζ OE-IP [196, 197] 14-3-3γ, ε, σ and τ OE-IP [196] Miscellaneous CIN 85 Y2H, OE-IP Carboxyl Term Domain [186] Tax/p40 Y2H, OE-IP [198] DIPA/Ccdc85B Y2H [199] HmgB1 OE-IP [200] IP -Immunprecipitation OE-IP -Overexpression Immunoprecipitation Y2H -Yeast two hybrid KA -In Vitro Kinase Assay When a TTP domain was examined, it is indicated; otherwise the entire protein was employed.
